Objective-The consensus of opinion suggests that when assessing measurement agreement, the most appropriate statistic to report is the "95% limits of agreement". The precise form that this interval takes depends on whether a positive relation exists between the differences in measurement methods (errors) and the size of the measurements-that is, heteroscedastic errors. If a positive and significant relation exists, the recommended procedure is to report "the ratio limits of agreement" using log transformed measurements. 
repeatability) was assessed in 13 studies (providing 23 examples) conducted in the Centre for Sport and Exercise Sciences at Liverpool John Moores University over the past five years. Results-The correlation between the absolute differences and the mean was positive in all 23 examples (median r=0.37), eight being significant (P<0.05). In 21 of 23 examples analysed, the correlation was greater than the equivalent correlation using log transformed measurements (median r=0.01). Based on a simple metaanalysis, the assumption that no relation exists between the measurement differences and the size of measurement must be rejected (P<0.001).
Conclusions-When assessing measurement agreement of variables recorded on a ratio scale in sports medicine and sports science, this study (23 To assess whether the errors depend on the size of the measurements (usually a larger error being associated with a larger measurement mean-that is, heteroscedastic errors), Bland and Altman2 recommended a scatter diagram of the differences (errors) against the measurement means. If a possible relation is detected, it can be confirmed by calculating the correlation between the absolute differences and the mean. If found to be positive and significant, the authors recommend taking logarithms of both measurement methods and proceed as before by reporting the "limits of agreement" but using the log scale. However, the authors acknowledge that by reporting the limits of agreement on the log scale, the resulting antiloged interval becomes the difference between two dimensionless ratios.
When modelling measurements such as maximum oxygen uptake, strength and power, various authors3`observed the presence of heteroscedastic errors. This is not too surprising as the range of all variables, recorded on a ratio scale (variables that cannot be negative and have a natural zero point) is forced to remain non-negative at the lower end of the scale but is theoretically unbounded at the other. This will naturally lead to heteroscedastic errors when two measurement methods, both on the same ratio scale, are to be compared and assessed for measurement agreement. For example, when one measurement method is plotted against the other, the spread of data at the bottom left hand corner of the plot is constrained by the origin (coordinate X=O, Y=O), but no such constraint occurs with the data in the top right hand corner of the plot. In his book, Bland6 reported two examples, both using a variable recorded on a ratio scale (peak expiratory flow rates), that provide positive heteroscedastic errors, although the author rejects the need to take logarithms as neither of the correlations (between the absolute differences and the mean) prove to be significant. This lack of significance may simply be caused by the comparatively small sample sizes. Hence, the purpose of this study is to examine a large number of similar studies, performed at the Centre for Sport and Exercise Sciences, Liverpool John Moores University, to assess the extent or prevalence of heteroscedastic errors and the appropriateness of using the log transformation when assessing measurement agreement of variables recorded on a ratio scale in sports medicine and sports science.
Methods
Assuming no relation is found between the measurement differences (errors) and their mean, the "95% limits of agreement" are obtained as follows: (1) calculate the mean (d) and the standard deviation (s) of the differences that indicates the level of bias and the random variation between the two methods, respectively. (2) Provided the differences are normally distributed, the 95% "limits of agreement" are given by d ± (1.96xs).
Bland and Altman2 argued that provided differences within these limits are not clinically important, the two measurement methods can be used interchangeably.
To examine whether a positive relation exists between the measurement error and the mean, Bland and Altman2 recommend a plot of the differences (errors) against the measurement mean (known as the Bland and Altman plot). This can be confirmed by calculating the correlation between the absolute differences and the mean. If a positive relation is observed, the analysis described above should be applied to the log transformed measurements (once again provided the differences between the natural log transformed measurements are normally distributed). (Note that the difference between two log transformed measurements is equivalent to the log transformation of the ratio between the two measurements-that is, log,(X,)-log,(X2)=log,(X1/X2)). By taking antilogs of the resulting "limits of agreement", we obtain an average (the geometric mean) dimensionless ratio (obtained by dividing one measurement method by the .second) that describes the measurement bias, multiplied or divided by a second ratio that indicates the level of agreement. The latter ratio is not dissimilar to the concept of a coefficient of variation except the new ratio limits should contain 95% of the observed ratios. Note that if the "agreement ratio" were equal to 1, we would have perfect agreement between the measurement methods.
Over the past five years, the School of Human Sciences at Liverpool John Moores University has carried out a number of studies to assess measurement agreement or repeatability. The present work will examine 13 such studies that provide a total of 23 examples. The subjects were all recreationally active male and female students, aged between 18 and 30 years-that is, relatively heterogeneous samples.
Results
To illustrate the alternative methods used to assess measurement agreement, we shall examine the repeatability of the Fitech step test (study 3), designed to estimate maximum oxygen uptake ml/kg/min, measured on two consecutive weeks. The two weeks' results are plotted in figure 1 (r=0.8; P<0.00 1). Subject mean Figure 2 The differences (errors) betweet maximum oxygen uptake (mllkg/min) rest and 2, plotted against the subjects' measure (mean of week 1 and 2for each subject).
The mean (SD) difference 1 mates on the first and second oci (6.61), was not significantly bia; P>0.05). Assuming the differer mally distributed, 95% of thi should lie between the limitsthat is, from -14.47 to 11.5 regardless of the subjects' mean
To help the reader interpret t the subject's estimated maxir uptake performance was 30 ml/; first week, it is possible (worst c that the same subject could obtai as low as 15.53 ml/kg/min, or as ml/kg/min, on the second week. subject's performance on the fi been much higher at 70 figure 3 . All but one of the ratios (n=30) appears to be contained between the calculated limits (0.75 to 1.25).
0
To help interpret these "ratio limits of agreement", if the subject's estimated maximum oxygen uptake performance was 30 ml/kg/min on the first week, it is possible (worst case scej rI nario) that the same subject could obtain an 60 70 estimate as low as 30x0.75 =22.5 ml/kg/min, or as high as 30x1.25= 37.5 ml/kg/min, on the i the estimated second week. For a subject with a higher ults from weeks 1 performance on the first week at 70 ml/kg/min, 'ment means the second weeks performance might be as low as 70x0.75=52.5 ml/kg/min or as high as between esti-70x1.25=87.5 ml/kg/min. As can be seen, these casion, -1.47 ratio limits now vary in absolute terms but sed (t=-1.22, remain a constant ratio or percentage change in ices are nor-performance from week 1 to week 2. Even e differences though these ratio limits are still too wide to be 1.47 (13.0)-acceptable for most sports scientists, they are 3 mllkg/min more realistic in the way they are allowed to performance. vary depending on the level of the subjects' hese limits, if performance. num oxygen Table 1 summarises the results from all 13 <g/min on the studies (23 examples), including the sample -ase scenario) size, the "limits of agreement", together with in an estimate the correlation between the absolute differhigh as 41.53 ences and the mean. The table also indicates Indeed, if the whether the correlation is significant (P<0.05) rst week had and whether the differences are normally in, the second distributed. )een as low as Note that the differences were not normally 53 ml/kg/min. distributed in five of the 23 examples )table to many (Anderson-Darling normality test) and the in exercise/ correlation between the absolute differences vhen the sub-and the mean is positive in all 23 examples, the lower end eight being significant (P<0.05). By combining ml/kg/min. the results of all 23 examples using a i differences non-parametric sign test (a simple meta-[y distributed, analysis), the assumption that no relation exists for normality between the measurement differences (errors) Furthermore and their mean, must be rejected (P<0.001). relation exists The median correlation was r=0.37. he mean. To Assuming a positive relation exists between cess to assess the measurement differences (errors) and the s between the mean, the analysis was repeated for all 23 e differences examples, using log transformed measureiaximum oxy-ments. Ratio (weekl/week2) Figure 3 The histogram of the ratios, obtained by dividing the estimates of maximum oxygen uptake from week 1 by those from week 2. Table 1 The sample size, the measurement means and differences, the absolute "limits of agreement", together with the correlation between the absolute differences amd the mean differences, but the "limits of agreement" were expressed as a dimensionless ratio, multiplied or divided by the second ratio as a measure of agreement having already taken antilogs. The table also gives the correlation between the absolute differences and the mean (using the log transformed data), whether the correlation is significant (P<0.05) and whether the log transformed differences are normally distributed.
Having taken logarithms, the differences were not normally distributed in just two of the 23 examples, described in table 2. The correlation between the absolute differences and the mean was positive in 14 examples but negative in nine, none of which were significant. Again by combining the results of all 23 examples and using a non-parametric sign test, the assumption that no relation exists between the measurement differences (errors) and their mean, could be accepted (P>O. 10). The median correlation was r=0.0 1.
Discussion
Based on the significant test-retest correlation (r=0.80, P<0.001) and non-significant paired t test (t=-1.22, P>0.05) from study 3, researchers in the past might have concluded that the Fitech step test was repeatable. However, if on the first week a subject's estimated maximum Table 2 The sample size, the log transformed (7n) measurement means and differences, the "ratio limits of agreement", together with the correlation between the absolute differences amd the mean (log transformed) Log The major advantage of using the log transformation approach to measurement assessment, is that the resulting "ratio limits of agreement" enables the scientist to compare the quality of measurement agreement from a variety of studies using a dimensionless ratio as measure of bias, multiplied or divided by a second ratio that indicates the level of agreement.
By observing the agreement ratios in 1. 06, this will increase the mean by 6%). The worst agreement was found with study 7, where two methods of measuring lactate at the "lactate threshold" were compared (the Lactate minimum versus the D-max method). Although the bias ratio is not great, given as 0.91, the agreement ratio (*/÷ 3.01) implies that 95% of ratios will lie between 301% of the mean bias ratio-that is, from (0.91/3.01=0.303) to (0.91*3.01=2.74). In this example, we might expect some of the lactate measurements taken using the first method to be three times larger (or smaller) than the lactate measurements using the second method.
In summary, based on 13 studies (providing 23 examples) designed to assess measurement agreement in sports medicine and sports science, the assumption that no relation exists between the measurement differences (errors) and the size of measurement must be rejected (P<0.001). These examples, plus additional examples provided by Bland6 and Atkinson,8 provide strong evidence that when assessing measurement agreement of variables recorded on a ratio scale in sports medicine and sports science, heteroscedastic errors are the norm and, as such, advocate the use of the log transformation when assessing measurement agreement. Not only did the log transformation reduce the correlation between the absolute measurement differences and the mean in 21 of 23 examples (see tables 1 and 2), but the differences of the log transformed measurements were normally distributed in all but two of the examples (compared with five examples that were found not to be normal distributed using the differences of the untransformed measurements).
When assessing measurement agreement or repeatability of variables recorded on a ratio scale, the present authors recommend taking natural logarithms of the measurement methods if the correlation between the absolute measurement differences and the means is positive (not necessarily significant, especially with small sample sizes) and, the correlation is reduced numerically (irrespective of the sign) having first taken logarithms of both measurement methods. This proved to be the case in 21 of 23 examples described above and of the remaining two other cases (examples 1 and 11), the differences in correlations were numerically trivial.
